The stress-activated protein kinases (SAPKs), namely, p38 and JNK, are members of the mitogen-activated protein kinase family and are important determinants of cell fate when cells are exposed to environmental stresses such as UV and osmostress. SAPKs are activated by SAPK kinases (SAP2Ks), which are in turn activated by various SAP2K kinases (SAP3Ks). Because conventional methods, such as immunoblotting using phospho-specific antibodies, measure the average activity of SAP3Ks in a cell population, the intracellular dynamics of SAP3K activity are largely unknown. Here, we developed a reporter of SAP3K activity toward the MKK6 SAP2K, based on fluorescence resonance energy transfer, that can uncover the dynamic behavior of SAP3K activation in cells. Using this reporter, we demonstrated that SAP3K activation occurs either synchronously or asynchronously among a cell population and in different cellular compartments in single cells, depending on the type of stress applied. In particular, SAP3Ks are activated by epidermal growth factor and osmostress on the plasma membrane, by anisomycin and UV in the cytoplasm, and by etoposide in the nucleus. These observations revealed previously unknown heterogeneity in SAPK responses and supplied answers to the question of the cellular location in which various stresses induce stimulus-specific SAPK responses.
Mitogen-activated protein kinases (MAPKs) are important intracellular signaling molecules that are activated through kinase cascades composed of a MAPK kinase (MAP2K) kinase (MAP3K), a MAP2K, and a MAPK (2) . In mammalian cells, several MAPK cascades coexist: the growth-promoting extracellular signal-regulated kinase MAPK cascade and the growth suppressing stress-activated protein kinase (SAPK) cascades. Together, these kinase cascades serve important roles in making the critical choice between growth and apoptosis under various environmental conditions (25) . Two families of SAPKs, namely, JNK and p38, are activated through kinase cascades composed of a SAPK kinase (SAP2K) kinase (SAP3K) and a SAP2K by a variety of environmental (physical and chemical) stresses such as UV, gamma rays, translation inhibitors, osmostress, and oxidative stress as well as by physiological mediators such as transforming growth factor ␤, interleukin-1␤ (IL-1␤), and tumor necrosis factor alpha (TNF-␣). The SAPK cascades are also important in embryonic development and in immune responses in the adult organism and are therapeutic targets for inflammatory diseases, cancer, and other pathological conditions (1, 3, 13) . The p38 SAPK is activated mainly by the MKK3 and MKK6 SAP2Ks, whereas the JNK SAPK is activated by the MKK4 and MKK7 SAP2Ks. These SAP2Ks are in turn activated by diverse SAP3Ks including MEKK1, MEKK2, MEKK3, MTK1 (MEKK4), TAK1, ASKs, MLKs, and TAOs (2) .
This large array of SAP3Ks undoubtedly reflects the diversity of the stress stimuli that can activate the SAPK cascades. In spite of extensive investigation, however, the molecular mechanisms by which stresses such as UV-C activate SAP3Ks are still largely unknown and remain controversial. UV-C can be absorbed by, and affect the chemistry of, proteins, RNA, and DNA. Potentially, therefore, UV-C may initiate the activation of the SAPK pathway on the cell membrane, in the cytoplasm, or in the nucleus. In particular, one theory posits that UV-C radiation induces the clustering and activation of cell surface receptors for epidermal growth factor (EGF), TNF-␣, and IL-1 (15, 16) . According to this theory, UV-C initiates SAPK responses in the vicinity of the cell surface. An alternative proposal is that UV-C is absorbed by the ribosomes and that the stalled translation machinery then generates a signal leading to SAPK activation (5) . According to this model, UV-C should initiate SAPK responses in the cytoplasm. One possible approach to distinguish these models is to identify the subcellular location where SAP3K activation primarily takes place. However, currently available methods do not allow such a measurement.
The activity of SAP3Ks has been conventionally monitored either by measurements of their kinase catalytic activities in vitro or, more frequently, by the detection of the phosphorylation status of their specific substrates, such as MKK3 and MKK6, by immunoblotting or immunofluorescence staining with phospho-specific antibodies. Although these methods have provided a valuable insight into MAP3K functions and regulation, they can measure only the average activity of SAP3Ks in a cell population. Furthermore, they cannot easily distinguish the different subcellular locations where SAP3K activation might take place. As a consequence, the intracellular dynamics of SAP3K activity are currently largely unknown. Here we report the development, validation, and practical application of a fluorescence resonance energy transfer (FRET)-based biosensor that can visualize SAP3K activity that phosphorylates the MKK6 SAP2K in intact single cells in real time. The results revealed clear differences in the temporal and spatial dynamics of SAP3K activation following various types of stresses.
MATERIALS AND METHODS
Buffers. Sodium dodecyl sulfate (SDS) sample buffer contains 65 mM Tris-HCl (pH 6.8), 5% 2-mercaptoethanol, 3% SDS, 0.0025% bromophenol blue, and 10% glycerol.
Expression plasmids. pRaichu-413, a pCAGGS-based plasmid containing the open reading frames for the enhanced yellow fluorescent protein (YFP)Venus and superenhanced cyan fluorescent protein (SECFP), was a gift from M. Matsuda and A. Miyawaki. Expression vectors for Myc-MTK1⌬N-wild type and -K/R, Myc-MTK1, Myc-GADD45␤, hemagglutinin-ASK1, Flag-TAK1, Flag-TAB1, Flag-MEKK1⌬N, and Flag-Raf1⌬N were described previously (21, 22) . The kinase-dead Flag-TAK1-K63W construct was generated by PCR mutagenesis using the Flag-TAK1 plasmid as a template.
Construction of SAP3K activity reporters. SAP3K activity reporters were constructed using a Rap1-GTPase FRET reporter, pRaichu-413 (11), which contains both Venus and SECFP, as the starting material. The most efficient reporter that we have constructed, termed L225, is composed of the following segments, named from the N terminus to the C terminus: the enhanced YFP Venus (amino acids [aa] 1 to 228), linker 1 (LD [one-letter amino acid code]), the Forkhead-associated 1 (FHA1) domain of Rad53 (aa 22 to 162), linker 2 (VE), the C-terminal lobe of MKK6 (aa 132 to 334), linker 3 (GGRGG), and SECFP (aa 1 to 237). L225 also contains three mutations (D213A, A214D, and P218⌬) in the MKK6 activation loop to optimize the signal.
Other plasmid constructs. The cDNA fragments encoding the Rad53 FHA1 domain and the MKK6 C-terminal lobe were prepared by PCR using appropriate templates. Linkers were added using synthetic oligonucleotides. The non-phosphopeptide-binding mutant of the FHA1 domain (Rad53 R70A), phosphorylation site mutants of MKK6 (MKK6-S207A and MKK6-T211A), and a DVD docking-site mutant that is incapable of binding SAP3Ks (MKK6-V328G) were made by PCR mutagenesis. YPet was copied from pCEP4YPet-MAMM (12) . YL225 is a variant of L225 in which the Venus domain was replaced with YPet (aa 1 to 228). To direct the YL225 reporter to the membrane, the K-Ras C-terminal sequence (the CAAX motif, where A is an aliphatic amino acid) with a flexible linker (GGSGGRGGTGGSGGSGGTGGTGGSGGGTGGSGGGTG RSRKMSKDGKKKKKKSKTKCVIM) was attached to the C terminus of YL225. To construct the nucleus-directed version of L225, a sequence containing two tandem nuclear localization sequences (NLSs) with a flexible linker (GTG GSGGGTGGSGGGTGGSGGDPKKKRKVDPKKKRKVD) was added to the C terminus of L225.
Cell culture and transfection. COS-7 and HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), L-glutamine, penicillin, and streptomycin. Transfection was carried out using Effectene (Qiagen) in accordance with the manufacturer's standard protocol. For most imaging analyses, cells were transiently transfected by plating onto a 35-mm-diameter glass-bottom dish (catalog number 3910-035; Iwaki) at 40% confluence 1 day prior to transfection. For stable transfection, the open reading frame for YL225 was subcloned into the pcDNA3 vector, which contains a neomycin resistance cassette, to generate pcDNA3-YL225. Plasmid pcDNA3-YL225, linearized by BglII digestion, was used to transfect HEK293A cells with Effectene reagent. Cells stably expressing the reporter were subcloned in culture medium containing G418.
Confocal fluorescence microscopy. Cells were imaged with a TCS-SP2-AOBS confocal microscope (Leica) equipped with an HC-PL-APO-CS-UV 20ϫ objective (numerical aperture [NA], 0.70), a temperature-controlled CO 2 chamber, and a 405-nm laser light source. Single-cell emission spectra were constructed from more than 40 scanned images of the same field taken at emission wavelengths ranging from 436 nm to 606 nm. Images were analyzed at 24 to 48 h after transfection. For calculations of the YFP/cyan fluorescent protein (CFP) ratio shown in Fig. 1D , YFP images (emission wavelength, 525 to 555 nm) and CFP images (455 to 510 nm) of an entire cell region were simultaneously acquired.
Conventional epifluorescence microscopy. Fluorescence images of the cells were captured using an inverted Olympus IX81 microscope equipped with a UAPO/340 40ϫ (NA, 1.35) or a Plan Apo 60ϫ (NA, 1.40) objective, a Retiga EXi charge-coupled-device camera (Q Imaging), a heat-CO 2 chamber, a xenon lamp (Olympus), and a computer-controlled emission filter changer (Ludl Electronic Products). A XF88-2 filter set (a 440AF21 excitation filter, a 455DRLP dichroic mirror, and two emission filters, 480AF30 and 535AF26; Omega) was used for the excitation of fluorescent proteins at 440 nm and for the acquisition of fluorescence images at 480 nm (for CFP) and at 535 nm (for YFP). The image of the pixel-by-pixel ratio was generated by using the Metafluor ratio imaging module (Molecular Device) and displayed with an intensity-modulated (IMDisplay) mode based on the YFP fluorescence intensity. Images were analyzed 24 to 48 h after transfection. For time-lapse analyses, cells were starved in phenol red-free 0.5% fetal bovine serum containing DMEM (Gibco) or minimal essential medium (Nissui) for at least 2 h before imaging. All imaging analyses were carried out at 37°C under 5% CO 2 .
Spatiotemporal measurement of SAP3K activation in single cells. COS-7 cells were plated onto 35-mm plastic dishes, and equal amounts of the expression vectors encoding YL225-cyt and YL225-pm were cotransfected using Effectene reagent. Twenty-four hours after transfection, cells were detached with trypsin-EDTA solution, replated onto 35-mm glass-base dishes, cultured in fresh DMEM with 10% FCS for at least 12 h, and serum starved for 2 h or more in DMEM containing 0.5% FCS. Cells were imaged in Hanks balanced salt solution (Gibco) supplemented with 2 g/liter glucose at 23°C. To stimulate cells, an equal volume of Hanks balanced salt solution containing a 2ϫ final concentration of anisomycin or sorbitol was added to the culture through silicon tubing (1-mm diameter) connected to the lid of the 35-mm glass-bottom dishes. For UV-C stimulation, the 35-mm dish was removed from the microscope after measurement of basal YFP and CFP fluorescence, irradiated with UV-C in a UV crosslinker (NCL-1000; UVP), and replaced in the microscope chamber to continue the measurement of the same cells. Image acquisition, background subtraction, and preparation of pixel-by-pixel pseudocolored images of the YFP/CFP ratio (IMD Display) were done using Metafluor software (Molecular Device). Montage pictures in Fig. 11B were generated using ImageJ software (NIH) . . At the indicated times after stimulation, cells were rapidly washed and lysed as described above. Anti-phospho-MKK3/6 (Cell Signaling Technology) and anti-MKK3/6 (SantaCruz) antibodies were used for the detection of endogenous MKK3/6 phosphorylation and protein levels, respectively. Dominant-inhibitory TAK1 mutant. HeLa cells were cotransfected with 0.1 g of the L225 reporter plasmid and 0.3 g of the TAK1-K63W expression plasmid. TAK1 activation by TNF-␣ was analyzed approximately 48 to 72 h after transfection as described above.
shRNAi knockdown. short hairpin RNA interference (shRNAi) knockdown plasmids for TAK1 and control luciferase were generated by inserting the following synthetic oligonucleotides into the pSUPERretro vector according to the manufacturer's protocol (Oligoengine) (the TAK1 shRNAi sequence is based on data from a previous report [20] , and the nucleotides in capital letters form a hairpin): TAK1-1 (5Ј-gatccccGACTTGACTGTAACTGGAAttcaagagaTTCCAGTTACAGTCAAG TCttttta), TAK1-2 (5Ј-agcttaaaaaGACTTGACTGTAACTGGAAtctcttgaaTTCCA GTTACAGTCAAGTCggg), Luciferase-1 (5Ј-gatccccCGTACGCGGAATACTTC GAttcaagagaTCGAAGTATTCCGCGTACGttttta), and Luciferase-2 (5Ј-agcttaaaa aCGTACGCGGAATACTTCGAtctcttgaaTCGAAGTATTCCGCGTACGggg).
HeLa cells were cotransfected with 0.05 g of the L225 reporter plasmid and 0.35 g of the shRNAi plasmid and were analyzed by fluorescent microscopy approximately 48 to 72 h after transfection. To confirm the efficiency of TAK1 silencing, HeLa cells were transfected with plasmid pSuperRetro-shRNA for 24 h and were selected with puromycin for an additional 48 h. Total cell lysates were analyzed by immunoblotting with an anti-TAK1 antibody (Sigma).
RESULTS
Construction of an efficient SAP3K reporter. The SAP3K activity reporter that we designed is composed of an N-terminal YFP followed by the phosphothreonine binding FHA1 domain of yeast Rad53, the C-terminal lobe of the kinase domain of human MKK6 including the phosphorylation sites (Ser-207 and Thr-211), and a C-terminal CFP (Fig. 1A) . The phosphorylation of MKK6 by activated SAP3K will lead to FHA1 domain binding, and the subsequent closer association between YFP and CFP will enhance the FRET efficiency. The general architecture of this SAP3K reporter is similar to that of the previously successful protein kinase A, protein kinase C, and Src reporters (24, 26, 27) . However, several modifications had to be made to generate an efficient reporter. To assess the performances of the various reporter constructs, we coexpressed them in COS-7 cells together with MTK1⌬N, a constitutively active version of a SAP3K that phosphorylates MKK6 (21) . The reporters were excited at 405 nm, and the ratio of the fluorescence emissions at the YFP peak (530 nm) to those at the CFP peak (480 nm) was calculated. The emission spectrum of the best reporter, L225, showed that its relative FRET ratio change (RRC) was about 69% of that of the vector control (Fig. 1B) . The RRC is defined as follows:
A brief summary of the reporter modifications is as follows. First, instead of a short substrate peptide, we included the entire C lobe of MKK6 (aa 132 to 334) that contains the DVD docking domain specific to SAP3Ks (aa 311 to 334) (8, 22) . Second, the amino acid sequence around the MKK6 phosphorylation sites was optimized for FHA1 recognition by mutating SVAKTIDA (aa 207 to 214) to SVAKTIAD (4). As will be shown below, the modified sequence can be phosphorylated by SAP3Ks as efficiently as the wild-type sequence. Third, we employed brighter variants of YFP, namely, Venus or YPet, and a brighter version of CFP, namely, SECFP (10) (11) (12) . Fourth, we varied the lengths and the sequences of the linkers (L1, L2, and L3). Finally, we found that deleting Pro-218 near the phosphorylation site greatly improved the FRET response. It is likely that the elimination of the proline residue allowed more flexible interactions between phosphorylated Thr-211 and the FHA1 domain. Selectivity and quantitative accuracy of the SAP3K reporter. Selectivity and quantitative accuracy are the two important factors for a kinase activity reporter. The coexpression of the reporter in cells with the active forms of SAP3Ks such as MTK1⌬N, MEKK1⌬N, or ASK1 increased the YFP/CFP emission ratio of L225 (Fig. 1C) . In contrast, the constitutively active form of Raf-1 (Raf-1⌬N), which does not activate MKK6, was ineffective. The expression of full-length MTK1 or TAK1, which are inactive in the absence of their respective activators (6, 9), did not increase the FRET efficiency. However, when these SAP3Ks were coexpressed with their respective activators, GADD45␤ and TAB1 (18, 21) , large increases in FRET efficiency were observed (Fig. 1C) . When increasing amounts of MTK1⌬N were expressed in COS-7 cells, the YFP/ CFP ratio of L225 increased with a dose dependence similar to that for L225 phosphorylation assessed by immunoblotting ( Fig. 1D and E) . Thus, the L225 reporter selectively and accurately reports the status of SAP3K activity in cells.
To verify that L225 functions according to our design, we individually mutated the FHA1 domain, the MKK6 phosphorylation sites, and the DVD docking site. A non-phospho-Thrbinding mutation of FHA1 (corresponding to Rad53 R70A) or an Ala substitution of the MKK6 phosphorylation site, Thr-211, completely abolished the FRET change induced by MTK1⌬N (Fig. 2) . In contrast, an Ala substitution of Ser-207, which is not a part of the FHA1 recognition motif, had no effect. A mutation in the DVD domain (corresponding to MKK6-V328G) resulted in a lower basal YFP/CFP ratio and an inhibition of the MTK1⌬N-induced YFP/CFP ratio increase. Thus, these results indicate that L225 reports the status of SAP3K activity according to our original design.
Monitoring of SAP3K activity in living cells. To test if L225 can detect physiologically induced SAP3K activity in live cells, we stimulated L225-expressing HeLa cells with TNF-␣ (19). TNF-␣ rapidly induced an increase in the YFP/CFP ratio by simultaneously increasing YFP fluorescence and decreasing CFP fluorescence (data not shown). Typical images are shown in Fig. 3A . The time course of the increase in the YFP/CFP ratio (Fig. 3B ) was comparable to that of the phosphorylation of endogenous MKK3 and MKK6 (Fig. 3C) . Neither the DVD mutant V328G (V/G) nor the phosphorylation site mutant T211A (T/A) of L225 responded to TNF-␣ stimulation (Fig.  3B) , consistent with the fact that TNF-␣ stimulation did not induce any phosphorylation of L225 V/G (Fig. 3D) . In agreement with a previously reported observation that TAK1 is essential for SAPK activation by TNF-␣ (17), the FRET increase induced by TNF-␣ was significantly weaker when endogenous TAK1 kinase activity was inhibited by dominant negative TAK1-K63W (Fig. 3E) or by the expression of shRNAi specific for TAK1 (Fig. 3F and G) .
We also tested the reversibility of the L225 reporter. When cells were challenged with IL-1␤, another cytokine that activates TAK1, the YFP/CFP ratio increased (Fig. 4) . When the cytokine was washed out, the YFP/CFP ratio decreased toward the prestimulation level, indicating that the L225 reporter is subject to dephosphorylation by endogenous phosphatases. The reapplication of IL-1␤ rapidly increased the YFP/CFP ratio again, demonstrating that the reporter is reversible and can be repeatedly activated.
In most experiments in the current study, we used transiently transfected cells that expressed the SAP3K probes at relatively high levels so that we could attain good signal-to-noise ratios. To test if our SAP3K probes also work under more physiologically relevant expression conditions, we generated an HEK293A cell line that stably expressed the YL225 sensor. YL225 is identical to L225 except that it contains YPet instead of Venus. Expression levels of YL225 in individual cells were relatively moderate and were comparable among cells. There were no significant differences in cell shapes or growth rates between YL225-HEK293A and parental HEK293A cells. When YL225-HEK293A cells were stimulated with TNF-␣, the YFP/CFP ratio increased rapidly ( Fig. 5A and B) , indicating that YL225 functioned as an efficient sensor even when it was stably expressed at a moderate level. We next examined if the expression of YL225 might affect SAPK signaling, since the sensor could potentially exert a dominant-inhibitory effect by abortively binding to upstream activators. For that purpose, we compared the stress-induced activations of endogenous SAP2Ks (MKK3/6 and MKK4) and SAPKs (p38 and JNK) in YL225-HEK293A and parental HEK293A cells by immunoblotting using phospho-specific antibodies. When challenged with sorbitol or anisomycin, both SAP2Ks (MKK3/6 and MKK4) and SAPKs (JNK and p38) were similarly activated in both YL225-HEK293A and HEK293A cells (Fig. 5C ), demonstrating that the perturbation of endogenous SAPK signaling by YL225 was negligible.
Temporal dynamics of SAP3K activation in single cells. We then used L225 or YL225 to analyze temporal changes in SAP3K activity in single cells. As measured by immunoblotting, the translation inhibitor anisomycin rapidly increased the level of phosphorylated MKK3 and MKK6, reaching a plateau at 40 min, whereas MMS did so more slowly and reached a maximum at about 2 h (Fig. 6A and B) . Immunoblot analysis, however, cannot discern whether SAP3Ks are activated in all cells or in only a subpopulation, nor can it distinguish whether the cells responded in a synchronous or in a stochastic manner. The L225 and YL225 FRET reporters, in contrast, allow these distinctions to be made. When the cells were stimulated by anisomycin, the YFP/CFP ratio in all cells increased synchronously for about 40 min, when it reached a plateau ( Fig. 6C and E). The average time taken to reach 50% activation was 20.8 Ϯ 2.7 min. In contrast, when cells were stimulated with MMS, SAP3K activation occurred more slowly and asynchronously ( Fig. 6D and F) . The average time to reach 50% activation was 97.4 Ϯ 29.5 min. In either case, the YFP/CFP ratio changed in all cells over the observed time period (60 min for Fig. 6E and F) was comparable to the time course of MKK6 phosphorylation measured by immunoblotting ( Fig. 6A and B) .
Other stimuli that we examined (UV-C, sorbitol, TNF-␣, and EGF) activated SAP3K rapidly and synchronously (Fig.  7A to D) . To more easily compare differences among stimuli, the distribution of the times at which the half-maximum FRET increase was reached in individual cells was plotted (Fig. 7E) . The slow and stochastic activation of SAP3K by MMS is consistent with an indirect activation mechanism that requires the stress-induced synthesis of an activator protein such as GADD45 (9, 22) . In contrast, the fast and synchronous activation of SAP3K by anisomycin and several other stimuli suggests that they activate SAP3K by a more direct mechanism(s).
SAP3K activity reporters directed to specific subcellular loci. The molecular mechanisms by which various stress stimuli activate SAP3Ks are not well understood. To address this problem from a new perspective, we visualized where in the cell various stresses activate SAP3Ks. To improve spatial resolution, we restricted the diffusion of the reporter by targeting it to a specific subcellular area. Specifically, we generated two additional versions of the MAP3K reporter: L225-nuc, which localizes to the nucleus, and L225-pm, which is directed to the plasma membrane. The original L225 reporter, which is cytoplasmic, will be referred to as L225-cyt.
For the generation of L225-nuc, tandem NLSs were attached to the C terminus of the reporter (Fig. 8A) . L225-nuc was found mostly in the nucleus, as designed (Fig. 8B) . However, upon UV-C stimulation, we did not detect any activation of L225-nuc in the nucleus (Fig. 8C) . The only significant FRET increase was observed in the cytoplasm, where a small amount of L225-nuc was localized. In contrast, when COS-7 cells coexpressing L225-cyt and L225-nuc were treated with the DNA-damaging agent etoposide, the YFP/CFP ratio increase occurred mainly in the nucleus (Fig. 8D) . The change in the YFP/CFP ratio induced by etoposide was relatively slow and was asynchronous within a cell population. Thus, the dynamics of activation of SAP3Ks by UV-C and etoposide are different both temporally and spatially, suggesting that their activation mechanisms are fundamentally different.
For the generation of L225-pm, the membrane-targeting CAAX motif of K-ras was attached to the C terminus, and the more FRET-efficient YPet (12) was used in place of Venus. The YPet version of L225-cyt and L225-pm are termed YL225-cyt and YL225-pm, respectively (Fig. 9A) . When YL225-cyt and YL225-pm were individually expressed in COS-7 cells, they localized at the expected subcellular loci (data not shown). Furthermore, when they were individually coexpressed with constitutively active MTK1⌬N, their emission spectra changed similarly as the levels of MTK1⌬N expression increased (Fig. 9B) .
When both YL225-cyt and YL225-pm were coexpressed in single COS-7 cells and stimulated by cotransfected MTK1⌬N, a strong FRET signal from the entire cell body was observed (Fig. 9C) . We then incorporated the nonphosphorylatable T211A mutation (T/A) into one or the other of the reporters. When YL225-cyt-T/A and YL225-pm were coexpressed, the FRET signal was derived mainly from the cell periphery (Fig.   FIG. 8 ). This result indicates that only the plasma membranedirected reporter (YL225-pm) was activated, because the thin peripheral regions are rich in plasma membrane and poor in cytoplasm, whereas the thick central region is enriched in cytoplasm. Conversely, when YL225-cyt and YL225-pm-T/A were coexpressed, the FRET signal was derived mainly from the central region of the cells (Fig. 9E ). When both reporters had the T/A mutation, no FRET signal was observed (Fig. 9F) . These data establish the feasibility of distinguishing SAP3K activity in the cytoplasm from that on the plasma membrane. Spatiotemporal dynamics of SAP3K activation in single cells. When COS-7 cells that coexpressed YL225-cyt and YL225-pm were stimulated by EGF, the FRET signal at the cell periphery increased much faster than did the signal in the central region (Fig. 10A) . When HeLa cells that expressed either YL225-cyt or YL225-pm alone were stimulated with EGF, a significant signal was observed only in cells that expressed YL225-pm (Fig. 10B) . In contrast, stimulation by TNF-␣ induced a similar FRET increase in both YL225-cytexpressing and YL225-pm-expressing cells (Fig. 10C) . Thus, EGF preferentially activates the SAPK pathway on or near the plasma membrane, which is consistent with the membrane localization of the EGF receptor and with the subsequent activation of SAP3K on the membrane. In contrast, TNF-␣ activates SAP3Ks both in the cytoplasm and on the membrane, consistent with the two-stage signaling mechanism in which a signaling complex containing MEKK1 (a SAP3K), TRAF2/3, and other proteins is assembled on a membrane-associated TNF receptor, but MEKK1 is activated only after the complex is released from the receptor (7) .
As shown in Fig. 11A (left) , osmostress (0.4 M sorbitol) preferentially activated YL225-pm. Because the osmostress conditions that we used cause significant changes in cell shape and cell architecture, it was possible that the observed FRET changes were imaging artifacts due, for example, to cell height changes, which were independent of the activating phosphorylation at Thr-211. We therefore determined if the phosphorylation site mutants (T211A) of YL225 and YL225-pm could produce apparent FRET changes by sorbitol. Cells coexpressing YL225-T/A and YL225-pm-T/A showed no FRET increases either in the cytoplasm or on the membrane upon sorbitol stimulation (data not shown), clearly demonstrating that the sorbitol-induced FRET change properly reflects the phosphorylation state of the sensor rather than a stress-induced nonspecific effect. To visualize the spatial time course of SAP3K activation by osmostress, FRET images were taken from a single cell at 1-min intervals. A thin radial section (15 pixels wide) was sliced at each time point, and these sections were stacked in chronological order (Fig. 11B) . From this montage, it can be easily seen that SAP3K activation first occurs near the plasma membrane about 10 min after osmostress and gradually spreads into the cell interior. Although the mechanism of osmosensing by mammalian cells is only incompletely understood, osmosensing likely takes place on the plasma membrane (23) . In clear contrast, when cells were stimulated by the ribotoxin anisomycin, the FRET signal was higher in the central region and weaker at the periphery (Fig. 11A , middle, and 11B). This spatial pattern is consistent with the idea that the translation inhibitor initiates the SAP3K cascade where ribosomes are located, namely, in the cytoplasm. UV-C preferentially activates SAP3K in the cytoplasm. The molecular mechanism by which UV-C activates SAP3Ks is controversial. Both UV-induced clustering and activation of cell surface receptors (15, 16) and the stalling of the ribosomal translation machinery (5) have been proposed to be mechanisms of the UV-induced activation of SAPKs.
We therefore examined the subcellular location at which UV-C irradiation most intensely activates SAP3Ks. The results (Fig. 11A, right, and B) unambiguously indicated that UV-C preferentially activates SAP3Ks in the cytoplasm. These results indicate that UV-C activates the SAPK cascade via cytoplasmic UV sensors, most likely ribosomes, rather than membraneassociated receptors.
DISCUSSION
In this study, we developed a SAP3K activity reporter based on the previously successful protein kinase A, protein kinase C, and Src reporters (24, 26, 27) . As in the above-described probes, the SAP3K-specific phosphorylation of the specific substrate sequence (MKK6 Thr-211) leads to the binding of the phosphorylated threonine to the FHA1 domain in the reporter, which modulates intramolecular YFP-CFP interactions. Significant modifications were necessary, however, to construct an efficient SAP3K reporter, the most critical of which was incorporation into the reporter of the DVD docking site from MKK6 that is necessary for specific binding to SAP3Ks. For many kinases, their substrate specificity is determined not only by the substrate sequence around the phosphorylation site but also by a specific interaction with a docking site. We have previously shown that the DVD docking site (24 aa) derived from the C terminus of MKK6 binds strongly and specifically to SAP3Ks (22) . More importantly, in the absence of this DVD docking site, or in the presence of a mutant DVD docking site, MKK6 cannot interact with any SAP3K that would otherwise phosphorylate and activate MKK6 (8, 22) . Thus, the docking interaction is absolutely essential for activated SAP3Ks to phosphorylate MKK6. Indeed, a DVD docking-site mutation completely abolished the response of L225 to activating SAP3Ks. Thus, our data show that the proper inclusion of a docking site is a key element for the successful development of specific kinase reporters.
An important feature of a kinase reporter is its specificity. The L225 SAP3K reporter, which has both the phosphorylation site and the DVD docking site of MKK6, can be used to monitor the combined activities of all of the kinases that activate MKK6, including MTK1, MEKK1, TAK1, ASK1, and TAO2, but does not respond to Raf family MAP3Ks. Thus, the L225 reporter is specific to the group of stress-activated SAP3Ks that interact with MKK6. The activation time course of the L225 SAP3K reporter is consistent with the phosphorylation time course of endogenous MKK6. Thus, L225 can be used to closely monitor the activation state of endogenous SAP3Ks. However, more caution will be necessary to interpret the deactivation kinetics. Although the L225 reporter is reversible, as shown by the reversal of the FRET signal when the stimulus was eliminated (Fig. 4) , L225 might not be dephosphorylated as efficiently as endogenous MKK6, because phosphorylated Thr-218 in L225 is protected by the bound FHA1 domain. Employing a lower-affinity mutant of the FHA1 domain might improve the deactivation kinetics, but it will also reduce the FRET signal for activation.
Using the SAP3K reporter, we revealed two previously unknown properties of SAP3K activation that are of major importance for an understanding of SAPK signaling pathways. First, we found that the activation time course of SAP3Ks within a cell population is either synchronous or heterogeneous depending on the type of stress. When cells were stressed by anisomycin, all cells in a population synchronously activated SAP3Ks, and SAP3K activation occurred relatively rapidly, reaching half-maximum activation at about 20 min. Anisomycin inhibits the peptidyl transferase activity of the ribosome and thus inhibits protein synthesis in the elongation phase (14) . Although the mechanism by which a blocked ribosome activates a SAP3K is unknown, it clearly cannot involve the neosynthesis of a protein such as a SAP3K activator. Therefore, it is more likely that a blocked ribosome itself, or a released ribosomal component, directly activates a SAP3K or an upstream activator of a SAP3K. The synchronous and rapid time course of SAP3K activation revealed by our reporter is consistent with this idea. UV-C, osmostress, TNF-␣, and EGF also activated SAP3Ks rapidly and synchronously. We further found that EGF activated SAP3Ks less vigorously but slightly faster than the other stresses that we tested ( Fig. 7D and E) . The reason for this difference is not clear at present. In contrast to the effect of these stresses, MMS activated SAP3Ks much more slowly, requiring 100 min to achieve average half-maximum activation. Furthermore, activation time courses within the population of MMS-stressed cells were quite heterogeneous. The slower time course suggests that MMS activates SAP3K by a more indirect mechanism than other stresses. One possibility is that MMS may rely on the accumulation of an activator protein like GADD45 for the activation of SAP3K (9, 21) . Alternatively, the different activation time courses within the cell population might be related to the cell cycle. For example, it is possible that cells in a certain cell cycle stage are more susceptible to MMS activation than cells in other cell cycle stages.
The second novel finding of this study was that different stresses initiate SAPK signaling at different cellular loci. Using a combination of a plasma membrane-associated reporter and a cytoplasmic reporter, we could clearly distinguish whether the initial activation of SAP3Ks occurs on the plasma membrane or in the cytoplasm. SAP3K activation by EGF, osmostress, and anisomycin took place at the expected location. Thus, EGF activated SAP3Ks on the plasma membrane where EGF receptors are located, consistent with the fact that growth factors weakly activate the SAPK cascades. Even in the absence of any growth factor stimulation, weak SAP3K activation was observed in the area of cell-cell contact, possibly via integrin-mediated signaling (0 min) (Fig. 10A) . Osmostress also activated SAP3Ks on the plasma membrane where osmosensors are presumably located (23) . In contrast, anisomycin activated SAP3Ks in the cytoplasm. This corroborates the view that blocked ribosomes in the cytoplasm initiate the activation of SAP3Ks.
The L225 reporter was also useful for revealing where and how SAP3Ks are activated by other stresses such as UV-C. Thus, the L225 reporter clearly demonstrated that UV-C activated SAP3Ks in the cytoplasm, thereby unambiguously supporting the model that UV activates the SAPK pathway in the cytoplasm by damaging ribosomes rather than by the clustering of cell surface receptors. The precise mechanism by which the on July 1, 2017 by guest http://mcb.asm.org/ damaged ribosomes activate SAP3Ks remains to be determined. In summary, we described a specific and sensitive reporter for SAP3K activation that can be used for real-time analysis of SAP3K activation in live single cells. The reporter can distinguish the cellular locale of SAP3K activation following different stresses. This reporter has wider applicability than the uses reported here. For example, it should also be an excellent tool for high-throughput screening of modulators of SAPK signaling, which are of potential clinical importance for the development of anti-inflammatory and antitumor drugs. Furthermore, it will be possible to use this reporter, with some modifications, to monitor SAP3K activation in live organisms or in developing embryos.
